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Abstract: 

We proposed a surface acoustic wave (SAW) NH3 gas sensor based on nitrogen doped 

diamond like carbon (N-DLC) film. The N-DLC film, prepared using a microwave 

electron cyclotron resonance plasma chemical vapor deposition (ECR-PECVD) 

method, is highly porous and physically and chemically stable, and have active polar 

groups on its surface, which can selectively absorb polar NH3 gas molecules. These 

features of the film lead to the high sensitivity, low noise and excellent stability of the 

sensor. The sensor can achieve capabilities of in-situ monitoring NH3 in a 

concentration range from 100 ppb to 100 ppm with fast response (~5 s) and recovery 

(~29 s) at room temperature. The NH3 sensing mechanism is attributed to the 

decreased porosity of the N-DLC film caused by adsorbed NH3 molecules on its polar 

groups, which leads an increase of the elastic modulus of the film. 
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1. Introduction 

Ammonia (NH3) gas is toxic, and its maximum allowed concentration in working 

and living environments defined by Occupational Safety and Health Administration, 

USA, is 35 ppm [1,2]. Long-term exposure to NH3 gas with a concentration higher 

than 50 ppm can lead to damage to respiratory and eyes tracts [3], and exposure to 

NH3 gas with a concentration higher than 5000 ppm can cause sudden collapse or 

death of a person [4,5]. Besides, liquid NH3 is flammable and may cause an explosion 

if its leakage happens [6-8]. For example, an explosion caused by the leaked NH3 

killed more than 100 people in Jilin, China, in 2013. Although the lower limit of 

human perception by smell is around 25 ppm NH3 [5], human olfaction is often 

unreliable for the NH3 detection and NH3 concentration far below this limit should be 

known much earlier in many occasions [9]. Despite its extreme danger, NH3 is vastly 

used in modern chemical and semiconductor industries [10-12]. Therefore, gas 

sensors which can in-situ monitoring the low concentration of the NH3 are critical for 

a safe working and living environments and saving lives. 

In the last decade, along with the development of the micro-electro-mechanical 

systems (MEMS) technology, surface acoustic wave (SAW) technique has become 

widely used in NH3 sensing because surface acoustic wave is highly sensitive to 

physical and chemical changes of the sensing layers deposited onto the SAW device 

[13-16]. Semiconducting oxides and polymers are usually employed as sensing layers 

of SAW based NH3 sensors, because they can effectively absorb and react with NH3 

molecules [17-19]. For example, Constantinoiu et al. reported that a SAW NH3 sensor 



using a SnO2/Co3O4 bi-layer sensitive film has achieved a response of ~1 kHz toward 

100 ppm NH3 [20]. However, these semiconducting oxides and polymers often show 

a poor stability, which leads to the rapid degradation of sensitivity and stability of the 

gas sensors [21,22]. Therefore, it is crucial to explore new sensing materials which are 

both stable and sensitive to NH3 gas.  

Nitrogen doped DLC (N-DLC) films have attracted great interests for industrial 

applications mainly because of their high hardness, low friction, chemical inertness, 

water resistivity, wear and corrosion resistance [23,24]. Besides, they have numerous 

active polar terminating bonds (-NHx) on their surfaces [24-26]. Previous studies 

revealed that these polar terminating bonds can act as the active sites for adsorption of 

gas molecules, such as NH3 [27], thus leading to changes of mass, elastic modulus 

and electrical conductivity of N-DLC films. In addition, they often have pores in their 

structures, which are beneficial for gas adsorption and diffusion [28]. Their excellent 

properties provide a great potential to be explored as highly stable and sensitive layers 

for NH3 gas sensors. Nevertheless, as far as we have searched, few reports have been 

focused on their NH3 sensing applications.  

In this work, we fabricated a SAW gas sensor with a sensing layer of a porous 

N-DLC film and investigated its sensing performance and mechanism for NH3. 

Results showed that the sensor can be operated at room temperature, with high 

sensitivity, good linearity, selectivity, fast response, recovery and excellent stability 

for sensing NH3 in the concentration range from 100 ppb to 100 ppm. 

 



2. Materials and methods 

Commercial ST-Cut quartz substrate was used for the fabrication of the SAW 

device. Aluminum interdigital transducers (IDTs, 50 pairs) and reflecting gratings 

(250 pairs) with a thickness of 200 nm were deposited on the substrate using standard 

photolithography and lift-off processes to fabricate the SAW resonator. The fabricated 

SAW resonator is shown in Fig. 1(a) and 1(b), and the transmission feature (S21 

parameter) measured by a network analyzer (Agilent E5071C) is given in Fig. 1(c), 

which indicates the insertion loss and the quality factor are ~17 dB and ~4000, 

respectively. The central frequency of the resonator is ~200 MHz since the IDTs and 

reflecting gratings have a periodicity of 16 m as shown in Figs. 1(b) and 2(a), and 

the acoustic wave speed on ST-cut quartz is 3158 m/s. The center-to-center distance 

between the IDTs is 200 wavelengths. 



 

Fig. 1(a) The optical microscopy image of the SAW resonator; (b) The enlarged image 

of the area in the red box in (a); (c) The transmission feature (S21 parameter) of the 

SAW resonator; (d) The schematic diagram of a SAW sensor; (e) experimental setup 

for gas sensing measurement.  

N-DLC films were deposited on the SAW resonators using a microwave electron 

cyclotron resonance plasma chemical vapor deposition (ECR-PECVD) method, as 

reported in Ref. [29]. The microwaves with a high-density plasma were generated 

from the upper side of the deposition chamber. A negative pulse voltage was applied 

on the substrate to control the energy of ions. Before the film deposition, the chamber 

was evacuated to 1.0 × 10-3 Pa and then argon (Ar) gas was introduced inside chamber 

to generate the plasma, which sputtered and cleaned the substrate (400 W microwave 



power, -800 V pulse biased with frequency 15 kHz and duty ratio 30%, 20 min). Then 

a gas mixture of C2H2, N2 and Ar were introduced into the chamber for the deposition 

of the N-DLC films. In this study, the microwave power, biased voltage, operating 

pressure and process time were maintained to be constants during the deposition, but 

the C2H2/N2 gas flow ratios were varied. The detailed deposition parameters are listed 

in Table 1. 

Table 1 Experimental parameters for the deposition of N-DLC film 

Film 

No. 

N2 flow 

rate 

(sccm) 

Ar flow 

rate 

(sccm) 

C2H2 flow 

rate （sccm） 

Microwave 

power (W) 

Biased 

voltage 

(V) 

Operating 

pressure 

(pa) 

Process 

time 

(min) 

#1 5 10 

10 

10 

30 

30 

30 

400 

400 

400 

-800 

-800 

-800 

10-3 

10-3  

10-3 

20 

20 

20 

#2 15 

#3 30 

The SAW resonators with the N-DLC sensing layers were connected to a 

cascaded amplifier with two BFT25A transistors (Philips) and phase-shift circuits 

with two LC resonant networks to build the SAW sensor, as shown in Fig. 1(d). The 

sensing performance of the SAW gas sensor was characterized using a specially 

designed testing setup, as shown in Fig. 1(e) [19]. The sensor was put in a sealed 

testing chamber with a volume of 20 L. The temperature and the humidity in the test 

room were controlled at 25 ℃ and 50% unless otherwise specified by an air 

conditioner and a humidity controller to minimized temperature and humidity 

variations. The temperature and humidity in the test chamber were the same as those 

in the ambient environment, and the sensor was operated at 25 ℃ as well. High 

precision gas tight injectors (Hamilton) were used to collect the testing gases from gas 

sampling bags. The gas in sampling bags was collected from gas cylinders containing 



the standard gases (NH3, H2, CO, NO, NO2, H2S, C2H5OH diluted to 2 vol% in dry air 

purchased from the National Institute of Measurement and Testing Technology, 

China). To measure the gas responses of the sensors, the collected gas in the injectors 

was injected into the testing chamber, and the gas concentration in the chamber was 

controlled by adjusting the injecting volume (0.01-10 ml). For example, with 0.1 ml 

NH3 gas injected, the concentration of the test gas in the chamber is estimated to be 1 

ppm. The response of the SAW sensor was defined as ∆f = fs-f0, where fs is the 

oscillating frequency of the sensor when exposed to the test gas, and f0 is the 

oscillating frequency of the sensor in the ambient environment, respectively. The 

oscillating frequency of the SAW sensor was recorded using a frequency counter 

(Agilent 53210A). After the responses were recorded, the test gas was pumped out 

and pure air was filled in the chamber to allow the full recovery of the sensor.  

An optical microscope (MV3000) was used to take the images of the SAW 

resonator. Electrical conductivity of the sensing layers was measured based on a 

four-probe method using a digital source meter (Keithley 2400). Surface morphology 

and thickness of the IDTs and N-DLC films were characterized using a field-emission 

scanning electron microscope (SEM, FEI Inspect F). Chemical composition and 

bonding structures of the films were analyzed using an X-ray photoelectron 

spectroscopy (XPS, Quantum 2000 Scanning ESCA Microprobe instrument) with a 

monochromatic Al Kα source (1486.6 eV) and a Raman spectroscopy (WITec Alpha 

300R, 532 nm) respectively. The bonding of the films was studied using a vacuum 



Fourier transform infrared (FTIR) spectrometer (Nicolet 6700) with a wavelength 

range of 1250-3750 cm-1.  

 

 

 



3. Results and discussion 

3.1. Characterization of N-doped DLC films 

The SEM images of N-DLC films are shown in Figs. 2(b)-2(d), which show the 

particulate features. Compared with those of other films, more pores can be found for 

the film #3, indicating that more N elements incorporated into the DLC film will lead 

to a more porous structure. This porous structure is beneficial for gas adsorption and 

diffusion in the application of gas sensing material. The inset in Fig. 2(d) shows the 

cross-sectional image of films, indicating the thickness of the N-DLC films is ~500 

nm. As the thickness of individual film does not vary apparently, we present here only 

the result for the reference sample.  

 



Fig. 2 SEM images of IDTs (a) and N-DLC films #1 (b), #2 (c), #3 (d) deposited on 

the quartz substrates. The inset in (d) is the cross-sectional image of the film #3, 

indicating the thickness is ~500 nm. 

 

Raman spectra of the above three films are presented in Fig. 3. A wide IR band 

ranging from 850 to 1850 cm-1 (typically for DLC thin films) appears for all samples. 

Raman scattering of DLC can be deconvoluted into graphite (G) and disorder (D) 

bands at approximately 1550 cm-1 and 1360 cm-1, respectively [30]. Both peaks in the 

spectra are broad and typical for amorphous carbon structures. The ID/IG, the ratio of 

integral area under D and G bands, is closely related to sp3/sp2 ratio in film. The ID/IG 

values are 0.80, 0.75, and 0.71 for the DLC films prepared under N2 gas flow rate of 5, 

15 and 30 sccm. The ID/IG intensities are decreased with the increased nitrogen doping, 

suggesting that the carbon substituted by a small amount of nitrogen would increase 

the sp2 ratio of the film. 



 

Fig. 3 Raman spectra of the prepared films #1 (a), #2 (b) and #3 (c). 

 

Fig. 4(a) shows the XPS spectra of the N-DLC films. The intensity of N1s 

spectrum increases significantly with the increased N2 flow rate, indicating that more 

N atoms are incorporated in the DLC film. Oxygen is also observed in the films, 

mainly due to exposure of the samples in ambient air before XPS measurement. Figs. 

4(a) and 4(b) show the deconvoluted C1s and N1s spectra of the film #2. The C1s 

peak can be fitted with three sub-peaks: the main peak at 284.7 eV corresponds to the 

C-C sp2 structure. The other peaks centered at 285.7 and 287.9 eV correspond to C-C 

sp3 and C-N bonds, respectively [31,32]. The N1s spectra show two peaks at 399.6 

and 400.5 eV which can be attributed to sp3 C-N and sp2 C-N bonds, 

respectively [31,32].  



 

Fig. 4 (a) XPS spectra of prepared N-DLC films. Deconvoluted C1s (b) and N1s (c) 

spectra of the film #2. (d) FTIR spectra of the films #1 and #3 on quartz substrates. 

 

Fig. 4d shows the FTIR spectra of the films #1 and #3 on quartz substrates in the 

range 1250-3750 cm-1. In this figure, a few peaks belonged to the FTIR characteristics 

of N-DLC films are observed. Peaks in the range of 2800-3050 cm-1 are assigned to 

the C-H bonds [32]. With the increase of N2 flow rate from 5 to 30 sccm, an 

obviously broad band between 3200 and 3600 cm-1 appears, revealing the formation 

of NHx (x=1,2) bonds [33]. Peaks between 1300 and 1750 cm-1 are associated with 

the stretching vibration of both double and single carbon-nitrogen and carbon-carbon 

bonds. The peaks between 1600 and 1682 cm-1 are assigned to the sp2 C=N bonds 

[34]. Moreover, no significant peak assigned to C≡N triple stretching bond is seen 



around 2200 cm-1 in Fig. 4(d). The results from both XPS and FTIR spectra indicate 

that the carbon and nitrogen atoms in the nitrogen-doped DLC film are mainly existed 

as single C-N and double C=N bonds.  

 

3.2. Gas sensing performance and sensing mechanism 

Before the gas sensing test, the SAW sensor was firstly put into a test chamber 

with a constant temperature (25 ℃) and humidity (RH = 50%) to evaluate its noise 

level. Fig. 5(a) shows that the frequency signals of the sensor with the film #3 are 

fluctuated less than ±10 Hz, i.e. 0.1 ppm, in a period of 10000 s, indicating the low 

noise feature of the sensor.  

The typical responses of the SAW sensors with N-DLC films toward 10 ppm NH3 

gas are shown in Fig. 5(b). All the sensors show positive responses, while the sensor 

with the film #3 has the highest response, which is ~6.7 kHz. In addition, the response 

times and recovery times of these sensors are similar, which are 5±0.5 s and 29±1.5 s, 

respectively. Previous studies [15,19] reported that there are three major changes of 

the sensing films after adsorption of the gases, i.e., the changes of sheet conductivity 

(s), areal density (s) and elastic modulus (), all of which will lead to the 

response of a SAW based gas sensor.  



 

Fig. 5 (a) The frequency signals of the sensor in a constant environment within 10000 

s; (b) Dynamic frequency responses of SAW sensors with three different films toward 

10 ppm NH3; (c) Dynamic changes of electrical conductivity of the film #3 when 

exposed to 10 ppm NH3; (d) Proposed NH3 sensing mechanism of N-doped DLC film. 

Pores in the film can trap the NH3 molecules, thus resulting the decreased porosity of 

the film. 

 The changes of conductivity, s, affects the response (f) of a SAW gas sensor, 

which can be described using the following equation [15,19]: 

𝛥𝑓 = −𝑓0 ×
𝐾2

2
× 𝛥(

1

1+(
𝑣0𝑐𝑠
𝜎𝑠

)
2)            (1) 

where f0 (=200 MHz) and v0 (=3158 m/s) are the unperturbed frequency and SAW 

velocity of the sensor, K2 (= 0.0011, or 0.11%) is the electromechanical coupling 



coefficient of ST-cut quartz substrate taken from Ref. [35], Cs= 0.5 pF/cm is the 

capacitance per unit length measured by a network analyzer (Agilent E5071C). When 

exposed to 10 ppm NH3, the s value of the film #3 is increased by ~6%, as shown in 

Fig. 5(c). Based on these results, the response caused by s is calculated to be less 

than 0.1 Hz, which is far less than the measured response (~ 6.7 kHz). Therefore, it 

can be assumed that the change of sheet conductivity is not the key reason for the 

measured responses of the SAW sensors toward NH3 gas. 

 FTIR characterization has revealed that there are polar groups (NHx) on the 

N-DLC films. Previous studies have reported that these polar groups can act as the 

active sites for the adsorption of NH3 molecules [27]. The adsorbed NH3 gas 

molecules can lead to increases of both areal density (s) and modulus of the N-DLC 

films by filling the pores in the sensitive films [36], as illustrated in Fig. 5(d). The 

areal density (s) and elastic modulus cause the responses (f) of the SAW sensor, 

which follows the Equation below [15,19]:   
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+ 
          (2) 

Where μ and λ are the shear and bulk modulus of elasticity of the sensitive films, Ce 

and Cm are the sensitivity coefficients of elasticity and mass respectively, h is the 

thickness of the film. 

Equation (2) can also be written in terms of change in Young’s modulus (ΔE) and 

mass (Δm) of the sensitive film due to adsorption of NH3 gas as [36], 

-f p E q m =  

              

    (3)

 



Where p and q are positive constants incorporating all the other constants. Based on 

the Equation (3), the increases of modulus (ΔE) and mass (Δm) of films caused by the 

adsorbed NH3 gas molecules will result in positive and negative frequency shifts of 

SAW sensors, respectively, and the measured responses are the summation of the two 

positive and negative frequency shifts. From Figs. 5-7, it can be clearly seen that all 

the measured responses toward NH3 gas with different concentrations are positive, 

which indicates that the positive frequency shifts caused by the increased modulus 

(ΔE) are stronger than the negative frequency shifts caused by the increased mass (Δm) 

in all cases [36-38]. 

 Although all the SAW sensors with the N-DLC films are based on the same 

sensing mechanism as discussed above, Fig. 5(b) reveals that the sensor coated with 

the film #3 has shown the best sensitivity. The differences among the sensing 

performances of the sensors could be attributed to the different microstructures of the 

sensing layer materials. The FTIR results revealed that the film #3 has more active 

NHx groups on its surface for the adsorption of NH3 molecules. In addition, higher N 

content in the film would lead to higher porosity of the N-DLC film, as confirmed by 

the SEM results shown in Fig. 2(d) [28]. As a result, when the film with a higher N 

content was exposed to NH3, more NH3 molecules were adsorbed to fill the pores in 

the film, thus leading to much more significant decrease of the porosity. Consequently, 

the modulus was significantly increased. This result indicates the possibility of 

adjusting the sensitivity of a SAW gas sensor by tuning the total pore volume and pore 

size in the sensing film. 



 For the following measurements, we will use the sensor with the film #3 to study 

its sensing performance in more detail. Fig. 6(a) shows the dynamic response of the 

sensor toward NH3 gas with the concentration ranged from 100 ppb to 100 ppm. It can 

be observed that the sensor has a response of ~0.65 kHz to 100 ppb NH3 gas, and the 

response can be as large as ~22.5 kHz when the NH3 concentration is increased to 100 

ppm. In addition, it is worthwhile to note (Fig. 6(b)) that the logarithmic of response 

(log f) is linear related to the logarithmic of the concentration of NH3 gas (log C), 

which can be used for determine the responses of the sensor toward any 

concentrations of NH3 gas in the range from 100 ppb to 100 ppm. The sensor has 

short response and recovery times, which are ~5 s and ~29 s, respectively, which 

remain nearly constants with the change of the NH3 gas concentration. These response 

and recovery times are much shorter than those previously reported SAW NH3 gas 

sensors [39-43], which were usually more than 30 s, as listed in Table 2. The excellent 

sensitivity, linearity between the log f and log C, and fast response/recovery make 

this sensor more appropriate for the practical applications. 

 

Table 2 Comparisons of sensing performance of SAW NH3 sensor based on various 

sensing materials 

Working 

frequency 

(MHz) 

Sensing material NH3 

concentration 

(ppm)  

Response 

(kHz)  

Response/Recovery 

time (s) 

Ref. 

162  Au-poly(vinyl) alcohol 2 -0.9 60/Not Know [39] 

200  SnO2-SiO2 3 2 100/200 [40] 



200  Graphene oxide 1 1.8 80/500 [41] 

200  SiO2-TiO2 1 2 75/55 [42] 

114.7  poly-N-vinylpyrrolidone 120 -0.83 50/40 [43] 

200  N-DLC 2 6.6  5/29 Present 

work 

 

Fig. 6 (a) Dynamic responses of the SAW sensor with the film #3 to NH3 with 

different concentrations; (b) The logarithmic of response (log f) as a function of 

logarithmic of the concentration of NH3 gas (log C). 

 The sensor’s dynamic responses to C2H5OH, H2S, H2, CO, NO2 and NO were 

further measured to investigate the selectivity of the sensor. Result shows that the 

sensor has no noticeable responses toward H2S, H2, CO, NO2 and NO gases. It has a 

response towards C2H5OH gases and this response can be attributed to the adsorption 

of the C2H5OH molecules on the active polar sites. However, its response is much 

weaker than that to NH3, as shown in Fig. 7(a), indicating the excellent selectivity of 

the sensor toward NH3 gas.  

For a practical sensor, both good short-term reproducibility and long-term 

stability are critical, and the stability of a SAW sensor is highly dependent on the 

stability of the sensing film used. The short-term reproducibility of the sensor was 



investigated by conducting four consecutive sensing tests in 5 minutes, and the 

obtained results are shown in Fig. 7(b). The results show excellent short-term 

reproducibility of the sensor since the response curves are nearly same for the four 

individual tests, which confirms that the N-DLC sensing film is highly recoverable. 

The long-term stability of the sensor was further investigated by conducting the 

sensing test every 10 days within a 90-day period, and the results are shown in Fig. 

7(c). The sensor shows the similar responses to 0.5 ppm, 10 ppm and 100 ppm NH3, 

respectively, in the four different tests within 90 days, indicating the good long-term 

stability of the sensor. The good long-term and short-term stability may be derived 

from the excellent physical and chemical stability of the N-DLC film. 

It is well-known that the polar groups on the N-DLC film can also be the active 

sites for the adsorption of polar H2O molecules. Hence, the relative humidity (RH) 

may influence the sensing performance of the sensor toward NH3 gas. To verify this 

influence, we have investigated the sensing performance of the sensor under different 

RHs. As shown in Fig. 7(d), the baseline of the sensor is shifted by -19.8 and -30.3 

kHz, when the RH is increased from 10% to 50% and 80%, respectively. These 

negative shifts confirm that there are more H2O molecules adsorbed on the film at 

higher RHs, which leads to an increased weight of the sensing film. The sensor’s 

responses toward 50 ppm NH3 gas under RH = 10%, 50% and 80% are 20.4, 17.1 and 

14.7 kHz, respectively. Interestingly, the frequency responses show only moderate 

decrease with the increased RH value, which might be caused by the increased 

amount of H2O molecules occupying the active polar groups. With this result, it can 



be confirmed that this sensor can be used for NH3 detection at different environments 

with different RH values. 

 

Fig. 7 (a) The dynamic responses of the sensor with the film #3 to 10 ppm H2, CO, 

NO, NO2, H2S, C2H5OH and NH3 gases; (b) The dynamic responses of the sensor to 

10 ppm NH3 for four consecutive cycles; (c) The responses of the sensor to 0.2, 10 

and 100 ppm NH3 within 90 days; (d) Dynamic responses of the sensor to 50 ppm 

NH3 under environments with different RHs. 



4. Conclusion 

In this paper, the NH3 gas sensing performance of quartz SAW sensors with the 

N-DLC films as sensing layers were investigated. The porous structure and the active 

polar groups on the N-DLC film were beneficial for the NH3 gas sensing application. 

The sensor was able to in-situ detect NH3 concentrations in a range from 100 ppb to 

100 ppm with fast response and recovery. The good physical and chemical inertness 

of the films ensure the excellent reproducibility and stability of the sensor. The 

sensing mechanism of the sensor was attributed to the decreased porosity of the film 

caused by adsorbed NH3 molecules, which lead to an increase of the elastic modulus 

of the sensitive film. The high sensitivity, excellent linearity, selectivity, fast response, 

recovery and excellent stability of the sensor make it highly potential for practical 

applications. 
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